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Abstract: A hybrid-type terahertz pulse source is proposed for high energy terahertz pulse 
generation. It is the combination of the conventional tilted-pulse-front setup and a 
transmission stair-step echelon-faced nonlinear crystal with a period falling in the hundred-
micrometer range. The most important advantage of the setup is the possibility of using plane 
parallel nonlinear optical crystal for producing good-quality, symmetric terahertz beam. 
Another advantage of the proposed setup is the significant reduction of imaging errors, which 
is important in the case of wide pump beams that are used in high energy experiments. A one 
dimensional model was developed for determining the terahertz generation efficiency, and it 
was used for quantitative comparison between the proposed new hybrid setup and previously 
introduced terahertz sources. With lithium niobate nonlinear material, calculations predict an 
approximately ten-fold increase in the efficiency of the presently described hybrid terahertz 
pulse source with respect to that of the earlier proposed setup, which utilizes a reflective stair-
step echelon and a prism shaped nonlinear optical crystal. By using pump pulses of 50 mJ 
pulse energy, 500 fs pulse length and 8 mm beam spot radius, approximately 1% conversion 
efficiency and 0.5 mJ terahertz pulse energy can be reached with the newly proposed setup. 
© 2017 Optical Society of America 
OCIS codes: (190.7110) Ultrafast nonlinear optics; (260.3090) Infrared, far; (300.6495) Spectroscopy, terahertz. 
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1. Introduction 
Acceleration of electrons [1–3] and protons [4, 5] are new, promising applications of intense 
THz pulses. Optical rectification of ultrashort laser pulses in nonlinear materials (NM) is a 
standard way for efficient THz generation. Since the introduction of the tilted-pulse-front 
technique [6], the velocity matching has become possible also in those cases, where good 
nonlinear optical properties of the material are vitiated by the large difference between the 
optical and the terahertz refractive indices. Presently, this standard, efficient method is 
applied for various materials. Lithium niobate (LN), having extremely high (168 pm/V [7, 8]) 
effective nonlinear optical coefficient and terahertz refractive index approximately twice as 
large as the optical refractive index, is one of the most important materials [9] at around 1 µm 
pump wavelength. Lithium tantalate (LT), having similarly good optical properties, is a good 
alternative at shorter (800 nm) pump wavelengths [10], where one has to take care for 
avoiding the three-photon absorption. Recent results show that semiconductors, such as ZnTe 
[11] or GaP [12] can be applied for efficient THz generation, too if longer pump wavelengths 
are used in order to reduce low order multiphoton absorption. For such long wavelength 
pumping there is significant refractive index difference between the optical and the THz 
region in these cases as well. Therefore, the tilted-pulse-front excitation is necessary. 
In the tilted-pulse-front excitation geometry the velocity matching reads as [6] 
 , ,cos( ) ,p gr THz phv vγ =  (1) 
where ,p grv  is the group velocity of the pump pulse, ,THz phv  is the phase velocity of the THz 
pulse, and γ is the pulse-front-tilt angle. The approximate values of γ are 63° and 69° for LN 
and LT, respectively, for near infrared pump wavelengths. The highest THz pulse energies in 
the 0.2 to 1.0 THz range [9] – which is most useful for particle acceleration – are produced in 
LN based, tilted-pulse-front setups. 
In THz generation experiments, perpendicular incoupling of the pump and perpendicular 
outcoupling of the THz beam are the conditions of minimizing reflection losses and avoiding 
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the angular dispersion of the THz beam. Therefore, prism-shaped THz generator crystals with 
wedge angle equal to the γ pulse-front-tilt are needed. The required large wedge angle 
negatively affects the THz beam quality for some NMs e. g. LN). This is especially 
problematic in the case of high energy THz generation experiments, where wide pump beams 
are needed. The THz wavelets excited at the opposite edges of the pump beam are exposed to 
different degrees of absorption and dispersion, and the nonlinear effects are also different. 
Hence the THz wavelets originating from the opposite parts of the pump beam have different 
intensities and they show different time dependences. Such a bad quality, strongly 
asymmetric THz beam drastically hinders many applications, especially particle acceleration. 
The conventional tilted-pulse-front THz excitation scheme consists of an optical grating, 
an imaging element and a NM. A so called contact grating scheme was proposed in order to 
avoid imaging errors [13, 14], which are other important drawbacks of the conventional setup. 
The optical grating – with a period in the sub-micrometer range – was brought in direct 
contact with the NM in order to omit imaging. The first suggested contact grating scheme 
contained a plane-parallel nonlinear crystal [13]. However, it was shown by detailed analysis 
[15], that optimized, LN based THz generation requires non parallel entrance and exit crystal 
surfaces, otherwise the necessary oblique outcoupling [16] disadvantageously leads to angular 
dispersion in the THz beam. The hybrid-type THz pulse source proposed in [10], Tokodi et al. 
and [17], Pálfalvi et al. is a combination of the conventional and the contact grating setup. In 
this, the necessary pulse-front-tilt in the nonlinear crystal is created in two steps, namely by 
diffraction on the conventional grating followed by a demagnification and by diffraction on 
the contact grating. Since a tilt angle smaller than the final γ is created in the first step, the 
imaging errors are significantly reduced. The necessary wedge angle is also smaller (~30° for 
LN, and ~45° for LT) [10, 17] than in the conventional case, but it is still large enough to 
result in an asymmetric beam. 
A modified version of the tilted-pulse-front THz generation was demonstrated by 
reflecting the pump beam on a stair-step echelon [18] (see Fig. 1). Contrary to the case of the 
conventional tilted-pulse-front excitation, instead of a continuous pulse-front, a segmented 
tilted-pulse-front is formed in this case. This kind of pulse-front can be characterized with an 
average pulse-front-tilt. The tangent of the tilt angle of the average pulse-front – i. e. the 
(spatial) envelope of the segmented pulse front – in the reflected beam is twice the tangent of 
the tilt angle of the reflective echelon. The average pulse-front-tilt introduced by the 
reflection is modified by the imaging element and by the air/NM interface. The γ pulse-front-
tilt angle necessary in the NM according to Eq. (1) can be adjusted by the sizes of the stair 
steps of the reflective echelon – falling in the hundreds of micrometers range – and by the 
magnification factor of the imaging element. Disadvantageously, this echelon setup also 
requires a prism-shaped NM with the same γ wedge angle as in the conventional setup. 
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 Fig. 1. THz source with a stair-step reflective echelon [18]. 
In the present paper, we propose and analyze such a hybrid-type setup (see Fig. 2), which 
is a combination of the conventional scheme, containing diffraction optics and imaging, and a 
NM with an echelon-like profile created on its entrance surface, hereinafter referred to as 
“nonlinear echelon slab”, NLES. (Let us note here that this NLES based hybrid setup is not to 
be confused with the earlier proposed hybrid setup [17].) Since the total pulse front tilt is 
produced in two steps, a beam with reduced angular dispersion falls on the lens, what results 
in reduced imaging errors. Contrary to all the setups used so far, a plane parallel nonlinear 
crystal can be used in the NLES based hybrid setup. Hence the absorption, and dispersion are 
uniform across the output THz beam profile. This advantage, together with the reduced 
imaging errors, may lead to the realization of a scalable THz pulse source with good output 
beam quality (i. e. symmetric beam profile) for applications. 
We adopted the 1D model originally suggested in [19] and [14] to the NLES based hybrid 
and the reflective stair-step echelon based setups. Using the corresponding 1D models, the 
NLES based hybrid, the conventional, and the reflective stair-step echelon based setups are 
compared based on the numerical results. 
 
Fig. 2. The scheme of the NLES based hybrid THz source. 
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2. Description of the NLES based hybrid setup 
The NLES based hybrid setup consists of an optical grating, an imaging element and a NLES 
as shown in Fig. 2. The echelon slab is made of the material of the nonlinear crystal itself, and 
has a period in the hundred micrometer range. Its most important advantage compared to all 
existing and theoretically designed tilted-pulse-front schemes is, that it makes possible the use 
of a plane-parallel structure if appropriate initial pulse front tilt is applied. This is essential in 
order to reach good THz beam quality. Furthermore, the NLES based hybrid setup 
significantly reduces imaging errors compared to the conventional setup and somewhat to the 
earlier hybrid setup, too. 
 
Fig. 3. The alteration of the pump pulse front when passing through the input surface of the 
NLES. 
It is essential to satisfy the velocity-matching condition inside the plane parallel structure, 
and for the excited THz field it is required to propagate perpendicularly to the output surface. 
All these imply geometrical conditions. When the pump beam passes through the entrance of 
the NLES, its pulse-front will be segmented (see Fig. 3). On one hand, the envelope of the 
NLES entrance (what makes an angle of atan( )slab h wγ =  with the -x direction) has to be 
parallel to the envelope of the segmented pump-pulse-front inside the NLES (having an 
average tilt angle of γ). Therefore 
 a ( )slab h wγ γ= = tan  (2) 
has to be satisfied, where h is the height, w is the width of one echelon step. On the other 
hand, the condition for the average tilt to remain unchanged while passing through the 
air/NLES interface is that 
 0 slabγ γ γ= =  (3) 
                                                                                            Vol. 25, No. 24 | 27 Nov 2017 | OPTICS EXPRESS 29564 
should hold, where 0γ  is the initial pulse-front-tilt of the pump beam directly before reaching 
the NLES. Please note that the fact that the initial pulse front tilt in front of the entrance of the 
NLES equals the average pulse front tilt inside the NLES does not mean that the echelon-type 
entrance has no influence on the pulse front tilt. If the entire input surface would be a plane 
perpendicular to the propagation direction of the pump beam (as in the conventional setup) 
the tangent of the tilt angle would be reduced by the ratio of the group refractive indexes 
when the pump passes through the air/crystal interface. Exactly this happens with any 
segment of the pulse-front in the present case. However, the 
,
11
p gr
h
n
 
⋅ −   
 horizontal shift 
between the adjacent segments increases the tilt angle of the envelope to the original tilt angle 
(Fig. 3). 
3. Effect of imaging errors 
Pump pulse distortions are inherent features of THz source schemes that contain imaging 
elements. The negative effects of the imaging errors can be mitigated by careful tuning of the 
systems. An optimization concept concerning the geometry of the conventional setup was 
given in [14, 20], Fülöp et al. The guideline in those papers is used here for calculating the 
optimal configuration for the NLES based hybrid setup and for the conventional setup, with 
the aim of calculating the input pump pulse length along the tilted-pulse-front. This is 
important, because even in the optimized setups, imaging errors result in pump pulse 
broadening at the edges of the pump beam resulting in THz beam distortions, which are 
especially significant when wide beams are used in high energy THz experiments. 
For practical reasons, the image plane is set right in front of the NM in the air in both 
setups, thus ( ) ( )0 01, 1gn nλ λ≡ ≡  in Eq. (13) of [20], obviously. The tilt angle in Eq. (13) of 
Ref [20]. follows from the phase matching condition, and, in case of LN, has the value of 
~77° and ~63° in front of the NM for the conventional setup and for the NLES based hybrid 
setup, respectively. 
Figure 4 shows the local pulse duration at the entrance surface of the nonlinear crystal. LN 
nonlinear crystal and 200 (a) and 500 fs (b) transformation-limited (TL) pulses with 1030 nm 
central wavelength were used in the ray tracing calculations. The pump pulse length along the 
tilted pulse front is plotted versus the x’ coordinate (x’ being the axis parallel with the tilted-
pulse-front). The top scales show the corresponding x coordinate (x is the axis in the direction 
perpendicular to the pump propagation (Fig. 2)). 
As shown in Fig. 4, the local pump pulse length increases with the distance measured 
from the optical axis in all cases. However, in the NLES based hybrid setup, the imaging 
errors are significantly reduced compared to the conventional setup. Supposing a pump beam 
diameter of 16 mm and 200 fs pump pulses, the pulse width reduces from 5.6/1.0 ps to 
0.75/0.48 ps at the left/right edge of the beam (Fig. 4(a)). The reduction is also very 
significant for 500 fs pump pulses, where the local pump pulse length reduces from 2200/750 
fs to 570/525 fs. As shown in Fig. 4(b), the relative increase of the pump pulse duration 
remains below 15% along the entire cross-section of the beam in the latter case. 
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 Fig. 4. Pump pulse broadening for 200 (a) and 500 fs (b) TL pulses in the conventional and in 
the NLES based hybrid setup. The local pump pulse length along the pulse front is plotted 
versus the x’ (x) coordinate (see text). 
In high energy THz generation, where wide pump beams are essential, it is a very 
important benefit of the NLES based hybrid setup that – due to the lower angular dispersion – 
the pump pulse remains approximately TL along the entire cross section of the beam. Thus, 
from this point of view, the NLES based hybrid setup surpasses the conventional THz 
generation setup. Here we emphasize again, that beside this an even more important 
advantage of the hybrid-type setup is the possibility of the use of plane-parallel NM. 
4. Description of the 1D model 
A simple model was developed in order to obtain quantitative information on the optical-to-
THz conversion efficiency for three different setups: the conventional, the NLES based 
hybrid-type and the one proposed by Ofori et al. [18] containing reflective echelon. These 
setups are denoted by “C”, “H” and “E” capitals, respectively hereinafter. The model 
described in [14], Fülöp et al. and in [19], Vodopyanov for THz generation by optical 
rectification was adapted to the three different setups by considering some setup-specific 
effects as well. In the cases of the H and E setups, the transversal variation of the segmented 
pulse front is taken into account by averaging for one period, hence a one dimensional model 
is satisfactory. 
Let us suppose that the initial waveform of the optical pump pulse is 
( ) ( )2 20 0 0( ) exp 2ln(2) / expE t E t i tτ ω= − , where E0 is the peak electric field-strength and 0τ  is 
the TL pump pulse length (FWHM). Taking into account the nonlinear polarization in the 
same way as in [19], Vodopyanov the differential-equation for the ( )E Ω , z 'THz  Fourier 
component of the THz field reads as: 
 
( )( )
( )
( ) ( ) ( ) ( ) ( )
( ) ( )
22 22
00 0
THz
,
,
, THz
'
( , ') exp
' 16 ln 22 4 ln(2) ( )
exp ' ' ' ' , ' ,
cos 2
seff
THz ph
p gr THz
THz ph s s s
zd E
E z i
z cn
n
i n z f z g z F z E z
c
τ ττ
π
α
γ
 + Δ ΩΩ∂  Ω = − − × ∂ Ω   
   ΩΩ
× Ω − − Ω      
 
(4) 
where z’ is the coordinate along the THz propagation direction (Fig. 2), c is the speed of light 
in vacuum, Ω is the angular frequency of the THz radiation, THz, ,/ph THz phn c v=  is the THz 
phase index of refraction, ( )ΩTHzα  is the THz (intensity) absorption coefficient, effd  is the 
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effective nonlinear coefficient, ,p grn  is the group refractive index of the pump. The ( ' )s zτΔ , 
( ')sf z , ( ' )sg z  and ( ' )sF z  are setup-specific functions with s = C, H, E. The meaning and 
the explanation of these terms are given hereinafter. 
( ' )s zτΔ  is the delay between the short and long wavelength components at the half of the 
maximum intensity of the pump pulse at z’. Starting from the dispersion parameter, for the 
case of simultaneous presence of angular and material dispersion [21], one can obtain 
 ( ) ( ) ( )
2 2
,0
, 0 2
,
' d2' tan ,
cos d
s p phs
s p ph
p ph
Lz a nb
z n
c n
λ
τ λ γ λ
γ λ
−    Δ = − Δ     
 (5) 
where 0λ  is the central wavelength of the pump, λΔ  is the spectral bandwidth (FWHM), 
,p phn  is the phase refractive index at the pump wavelength, L is the length of the NM (Fig. 3). 
The meaning of sa  and sb  parameters will be clarified below. The role of imaging in the 
different setups is to reconstruct the TL pump pulse length value along the image plane 
(which is parallel with the pump pulse front) where the most intensive THz generation is 
expected [14]. The characteristics of the pump pulse broadening with the propagation (Eq. 
(5)) is a key factor in the efficiency (Eq. (4)). Good conversion efficiency requires a long 
spatial region where the pulse length is close to the TL value. If the degree of dispersion is 
given, a possible way to increase the effective interaction length (defined in [14], Fülöp et al.) 
is the application of pre-chirped pulses [14, 22]. In this way, one can set the pump pulse 
length to be minimal (i. e. equal to the TL value) not at the entrance, but inside the crystal, as 
given by the optimization procedure in [22]. Instead of following this procedure, satisfactory 
efficiency enhancement can be achieved in a simpler way: by setting the TL pulse length 
value at the crystal center [14]. Hence, by making the pulse broadening symmetric to the 
center, the effective interaction length can be nearly doubled, and the efficiency quadrupled. 
This means that 1sa = is the proper choice in Eq. (5) if pre-chirped pulses are used, while 
0sa = without pre-chirp. 
sb  is also a setup-specific parameter in Eq. (5). It expresses the contribution of the angular 
dispersion to the pump pulse broadening. Using LN as NM, the effect of the angular 
dispersion in the pulse broadening is more significant than the effect of the material 
dispersion [21] in C and H setups. In order to be in agreement with [21], parameter choice of 
,C p grb n=  and 1Hb =  is required for C and H setups, respectively. Due to the average pulse-
front-tilt, angular dispersion is present in the E setup, just as it is in C and H. However, the 
contribution of the angular dispersion to the pulse lengthening is still negligible for the E 
setup, since the angular domain is very narrow due to the high (~100) diffraction order. 
Therefore, the adequate choice is in Eq. (5).bE = 0 
The segmented structure of the pump pulse front has an influence on the THz generation 
in the H and E setups, basically because of three reasons. These are the diffraction of the 
pump, the periodic phase shift of the THz wavelets, and the discontinuity of the pulse front. 
Due to the diffraction of the pump beam, the w’ size of one segment of the pulse front 
varies with the z (and consequently with the z’) coordinate (Fig. 5(a)): 
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 Fig. 5. The influence of the segmented tilted-pulse-front on the THz generation efficiency. The 
variation of w’ due to diffraction is shown in (a). (b) illustrates the periodically varying phase-
shift, and defines the p and p* parameters. 
 ( ) ( )
0
,
'
' ' .
cos p ph
z
w z w
wn
λ
γ
= +  (6) 
This expansion of the pulse segments results in the decrease of the pump intensity, which is 
taken into account by a factor of 
 ( ) ( )
( )
0
2
,
1'
'' ' 1
cos
s
p ph
wf z
zw z
w n
λ
γ
= =
+
 (7) 
in Eq. (4) for s = H and E. For the C setup ( ') 1Cf z ≡ , evidently. 
The THz wavelets originating from the different points of the segmented pump pulse front 
experience a periodically varying phase shift due to the differences in the propagation paths to 
a far plane (see Fig. 5(b)). In order to describe the influence of this effect on the THz 
generation efficiency, it is useful to introduce the / 's sx m λ=  parameter, which is the ratio of 
the sm  length (shown in Fig. 1 for s = E, and in Fig. 3 for s = H just behind the crystal 
entrance) and the THz wavelength inside the crystal ( THz,' /THz phnλ λ= ). The factor ( ')sg z  in 
Eq. (4) describes the relative decrease of the THz field with respect to the continuous (not 
segmented) pump pulse front: 
 ( ) ( )( )
'
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2
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2
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2
2 'cos d '
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s
s
s
s
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x
s s
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
 (8) 
Taking into account the w'( ')z  dependence according to Eq. (6), sx ( ')z  can be given as 
 
( ) ( ) ( ) ( )
( ) ( )
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,
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 (9) 
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and 
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, , ,0'' ' ' ' sin sin
cos
THz ph THz ph THz ph
E E
THz THz p THz
n n nz
x z m z w z w
wn
λγ γλ λ γ λ
 
= = = +   
(10) 
in the H and E setups, respectively. It is important to note that, in this aspect, H is more 
advantageous than E, since - for the same w value - the corresponding ms is shortened by a 
factor of 
,
11
p grn
− , which equals to 0.55 in LN. Evidently, ( ' ) 1Cg z ≡  for the C setup. 
The ( ') p*/ psF z =  “duty cycle” (see Fig. 5 (b)) is responsible for the effect of the 
periodic discontinuity of the pump pulse front observed from the propagation direction of the 
THz field. Obviously for the C setup ( ') 1CF z ≡ . s ( ')F z  can be calculated based on 
elementary geometry, taking into account the diffraction of the pump beam, too according to 
Eq. (6): 
 ( ) ( ) ( )2 02
,,
' 1' 1 sin sin 1H
p grp gr
z
F z
nw n
λγ γ
 
= − − −   
 (11) 
 ( ) ( ) ( )
2 0
2
,
'
' cos 1
cosE p gr
z
F z
w n
λγ
γ
 
= +   
 (12) 
for H and E setups, respectively. For LN NM, the (0) 0.57HF =  obtained value 
corresponding to the H setup is more advantageous than the (0) 0.2EF =  value corresponding 
to the E setup. 
The effect of absorption (the last term in Eq. (4)) was taken into account in the same 
manner for the three setups. Only lattice absorption was considered, the effect of multiphoton 
absorption was neglected. The factor describing the noncollinear velocity-matching (the 
second exponential factor in Eq. (4)) has also the same form for the three cases. Any other 
effects, such as imaging errors, cascading effects, and self-phase modulation were neglected. 
The THz fluence at the output can be determined from the solution of Eq. (4) as 
 ( )
2
,0
,0
2
2 , d .
2 1
THz ph
THz THz
THz ph
ncFluence E L
n
ε
π
∞
= Ω Ω
+  (13) 
The Fresnel reflection, causing a significant loss is also accounted for in this formula. The 
pump fluence is 
 ( )
0 , 2 0
0 ,2 2 2ln 2
p ph
p
c n
Fluence E
ε τπ
=  (14) 
and the optical-to-THz conversion efficiency is 
 .THz
p
Fluence
Fluence
η =  (15) 
5. Results obtained from the 1D model 
Numerical calculations were performed with the model introduced in the previous section in 
order to have a quantitative picture about the THz generation with the three setups. The 
supposed NM was stoichiometric LN doped with 0.68 mol% Mg. The temperature was 100 K 
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in order to have reduced absorption in the THz range [23]. The absorption coefficient and the 
refractive index in the THz range were determined experimentally by THz time domain 
spectroscopy. Optical-to-THz conversion efficiency was calculated as a function of the LN 
crystal length for a few pump pulse lengths and w values. 
As it was shown earlier for the C setup, that self-phase modulation and cascading effect 
lead to strong nonlinear THz beam distortions [24] and they strongly limit the optical-to-THz 
conversion efficiency [25] in the presence of an intense THz field. These effects are 
practically negligible below 2% efficiency [25]. Our model, disregarding these effects, is 
expectedly reliable for the characterization of the different setups, when the efficiency does 
not exceed 2%. 
Detailed comparative analyses have been performed on the H, E and C setups, with 
special focus on H and E. The efficiencies of E (Figs. 6(a-d)), H (Fig. 6(e-h)) and C (Fig. 6(i)) 
are depicted versus the crystal length. The TL pump pulse length was supposed to be 100, 
200, 500 and 1000 fs in the model calculations. 1030 nm pump wavelength was used, so that 
three photon absorption would be avoided. The peak pump intensity was kept at a constant 
value of 40 GW/cm2 in all cases. For H and C setups, where angular dispersion is significant, 
pre-chirp of the pump pulse [14] was supposed in order to obtain better efficiencies. 
1H Ca a= =  was opted in Eq. (5). Four different step widths, w = 40, 60, 80 and 100 µm, 
were used in the H setup, and w-s were chosen in that way in E, that the corresponding ms 
values be equal to those in H, for the sake of correct comparison (see Figs. 1 and 3). 
Therefore, the w values in E are smaller by a factor of 
,
11 0.55
p grn
− = , than in H. 
Since the efficiency does not exceed the 2% limit in Fig. 6(a-h), there is no doubt about 
the validity of the predictions of the 1D model in the cases of the E and H setups. The 
efficiency reaches its maximum within the examined region for both E and H (Fig. 6(a-h)). 
As it is clearly seen in the figures, the maximum efficiency of the E and H setup increases 
with increasing w at each TL pulse length value, with a single exception for the 100 μm step 
width in the H setup (Fig. 6(e)). Comparing curves belonging to a given w value, the peak 
efficiency increases with increasing 0τ in the 100 – 500 fs range for both H and E setups. 
As an important result, it was found that the (peak) efficiency values of the H setup are 
more than ten times larger than those of the E setup. The main reason of this is higher Fs duty 
cycle (Fig. 5(b)) and higher values of g(z’) in H. Comparing the corresponding curves for H 
and E, it is also obvious, that the efficiency peak is reached at lower L crystal length in E. 
This can be explained by the larger diffraction, that is due to the lower values of the w 
parameter chosen in the E setup. 
The spectra, normalized with the same factor, and the corresponding electric field-
strengths can be seen in Fig. 7. The curves of 500 fs pump pulse length were chosen, because 
the efficiencies are reasonably high, and the imaging errors are lower than at shorter pulse 
lengths. The spectral peaks occur at higher frequencies in the H setup than in E (Figs. 7(a) 
and (c)). The time dependence of the electric field directly at the output corresponds to quasi 
single cycle terahertz pulse shape with peak electric field strength of tens of kV/cm (Figs. 
7(b) and (d)). These electric field strength values can be increased by at least an order of 
magnitude by focusing. 
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 Fig. 6. THz generation efficiency predicted by the model for the H (a-d), E (e-h) and C (i) 
setups. 
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We have to mention here that increased crystal length may lead to the appearance of 
multi-cycle pulses, because of the overlap between the adjacent segments of the pump pulse 
front due to diffraction. However, according to simple estimations based on the results shown 
in Fig. 6, typically, they appear only if the crystal length exceeds its optimal value, and their 
impact is low due to reduced gs-factor (Eq. (8)). Therefore, this effect is not relevant in the H 
setup, especially not in those good-efficiency cases, where w is large (Fig. 6). 
While the influence of the specific structure of the segmented pulse front (diffraction, 
periodic phase shift, discontinuity) reduces the efficiency in the H and E setups, the quickly 
changing local pump pulse duration (which is the consequence of the large angular 
dispersion) causes limitation for the crystal length, and for the conversion efficiency in the C 
setup. 
The efficiency of C has also been calculated with the 1D model. The obtained values 
rapidly increase with 0τ  (Fig. 6(i)). Efficiency values exceeding 2% are not reliable, because 
of the limiting effects [25] already discussed above, but they are acceptable below 2%. 
 
Fig. 7. The spectra and the pulse shapes belonging to the H and E setups for 500 fs pump 
pulses. 
6. Conclusions 
A hybrid-type THz source, which is a combination of the conventional tilted-pulse-front setup 
and a transmission stair-step echelon faced nonlinear crystal with period falling in the 
hundred micrometer range was proposed for high energy terahertz generation. The suggested 
short name of this scheme is nonlinear echelon slab (NLES) based hybrid setup. The most 
important advantage of this setup is the plane parallel structure of the nonlinear crystal, which 
plays an important role in the efficient production of good quality, symmetric terahertz beam. 
This advantage manifests itself especially in high energy THz generation experiments, where 
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wide pump beams need to be used. Another advantage of the proposed setup is the significant 
reduction of imaging errors, what is also important in the case of wide pump beams. A 1D 
model was developed in order to determine the optical-to-terahertz generation efficiency, and 
was used for quantitative comparison of the NLES based hybrid setup with frequently used 
arrangements, and especially with an earlier proposed, reflective stair-step echelon containing 
scheme. The model takes into account the effects coming from the special structure of the 
pump pulse: the discontinuity, the periodic phase-shift and the diffraction. Calculations 
applying LN as nonlinear material predict approximately ten times larger efficiency for NLES 
based hybrid setup than for the reflective stair-step echelon setup. Approximately 1% 
conversion efficiency and about 0.5 mJ terahertz pulse energy can be reached with the NLES 
based hybrid setup, when 50 mJ, 500 fs pump pulses with 8 mm beam spot radius are used. 
The characteristics of the THz pulses predicted by the NLES based hybrid source are 
especially promising for particle acceleration applications. 
Development of a more complex model that considers the cascading effect, self-phase 
modulation, etc. and the experimental realization of the NLES based hybrid setup are 
expected in the near future. 
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